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Abstract
Embryonic stem (ES) cells have revolutionised our understanding of animal physiology. Analysis of chimaeric mice generated from
these cells allows us to study the role of genes in development and function of the nervous system. The NMDA receptor, one of the two
major ionotropic glutamate receptors, has been proposed to play fundamental roles in the survival, migration, differentiation, and
activity-dependent maturation of neural cells. The NMDA receptor subunit 1 (NR1) gene is indispensable for receptor function, and
knock-out mice die at birth, inhibiting the study of glutamate signalling in postnatal neurons. Homozygous NR1/ ES cells were derived
from matings of heterozygous mice under feeder-free conditions. Chimaeras were made by incorporating these ES cells into wild-type
blastocysts and by the classical aggregation of morulae between wild-type and NR1/ embryos. The resulting chimaeras survive and
develop normally. NR1/ neurons, identified by their lacZ label, were analysed and quantified in developing and adult brains with varying
knock-out contributions in every single brain region. Specifically, postnatal ontogenesis of cerebellum and hippocampus was normal.
Accordingly, in chimaeric mice, NMDA receptor-initiated signals are not required for the migration, differentiation, and survival of most
types of neurons in the central nervous system, in a cell-autonomous way.
© 2003 Elsevier Inc. All rights reserved.
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Introduction
NMDA receptors are an abundant, intensely studied sub-
type of glutamate receptors with a multitude of functions
ranging from embryonic development of neurons (Blanton
et al., 1990) to ageing (Cepeda et al., 1996). NMDA recep-
tors play a central role in current models of short term
synaptic plasticity (Bliss and Collingridge, 1993). They
have also been assigned functions in a wide range of other
synaptic and cellular processes, in work based to a large
extent on pharmacological intervention with NMDA recep-
tor function, mainly in the rat. Very widely discussed
among these are, for example, the migration of immature
neurons (Komuro and Rakic, 1993; Rossi and Slater, 1993;
Marret et al., 1996; Messersmith et al., 1997). Another role
is well established in synapse formation and their subse-
quent elimination (Constantine-Paton et al., 1990; Durand et
al., 1996).
A recent major report assigns even more important basic
physiological functions to NMDA receptors: Ikonomidou
and colleagues (Ikonomidou et al., 1999) found that even
short, pharmacological, blockade of NMDA receptors in a
critical developmental window from P0 to P21 leads to
widespread and apoptotic cell death in all parts of the
nervous system of rats, thus describing a major neurotrophic
requirement for NMDA receptors.
These pharmacological approaches typically suffer from
a number of disadvantages, notably a lack of specificity. It
has been demonstrated that NMDA antagonists also inter-
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fere with a putative aspartate receptor (Yuzaki et al., 1996a),
and agonists with N-type calcium channels (Chernevskaya
et al., 1991), thus introducing uncertainty into the interpre-
tation of results. Long-term application in vivo has been
very difficult to achieve, with little knowledge as to the
precise area of agonist or antagonist action and actual con-
centration.
Gene targeting by homologous recombination in mouse
ES cells (Capecchi, 1989) is a promising alternative to
circumvent problems encountered with pharmacological
agents and to increase specificity in the analysis of receptor
functions. However, the targeted inactivation of many mol-
ecules, like the NR1 subunit of the NMDA receptor (Forrest
et al., 1994; Li et al., 1994; Tokita et al., 1996; Single et al.,
2000), results in perinatal death of mice homozygous for the
mutation precluding analysis at the more interesting later
stages of neuronal development and function.
This has prompted the development of transgenic ap-
proaches to analyse NR1 mutant mice. One strategy con-
sisted of reexpressing one splice variant of the NR1 subunit
in parts of the brain in a knock-out background (Iwasato et
al., 1997). However, this still led to postnatal mortality in
most of the animals reported.
Another strategy employed was the Cre recombinase-
based region-specific inactivation of the NR1 subunit, ex-
emplified by reports of hippocampal CA1 (Tsien et al.,
1996b) and CA3 (Nakazawa et al., 2002)-specific inactiva-
tion of NR1 that led to survival of the two groups of animals
with their limited lesions, and allowed an analysis of be-
haviour and anatomy.
A third method used was the ES cell-based knock-in, or
transgenic expression of, mutated versions of the NR1 sub-
unit to study the effect of mutations in the channel on
glutamate signalling (Single et al., 2000; Jerecic et al., 2001;
Seeburg et al., 2001), that in the only published reports so
far resulted also in neonatal death.
A different strategy for studying the postnatal pheno-
types of lethal mutations is the analysis of chimaeric ani-
mals where the survival is assured by a sufficiently large
number of wild-type cells. An approach aiming at the re-
gion-specific introduction of neural cells into the brains of
rats has been developed recently. Using intrauterine trans-
plantation of neuroepithelial precursor cells (Bru¨stle et al.,
1995), we created chimaeric brains with contributions from
cells with a different genetic background. This has allowed
a preliminary analysis of the survival and differentiation of
small numbers of NR1/ cells (Maskos et al., 2001).
An even more powerful genetic method is the generation
of chimaeric animals by injecting ES cells into wild-type
morulae or blastocysts (Hogan et al., 1994); contributions
of, theoretically, up to 100% to the brain parenchyma can be
obtained this way. The homozygous null ES cells can be
generated by either two rounds of homologous recombina-
tion into the locus or by reisolation from matings of het-
erozygous mice. This latter strategy has the advantage of
yielding very early passage stem cells (from passage 2 or 3)
compared with passage 20–30 when carrying out a double
(homozygous) knock-out.
The phenotypes of cells without functional NMDA re-
ceptors in the brains of animals that survive and develop
normally can thus be studied. These knock-out cells are
identified by genetic labelling with lacZ. At the same time,
it is possible at single cell resolution to address the question
of the site of NMDA receptor action: only labelled cells are
deficient in NMDA receptor function and can be compared
with their wild-type neighbours. Indirect effects of antago-
nist action on supporting cells, e.g., in neuronal migration,
can thus be eliminated.
Materials and methods
Knock-out mice
Mice heterozygous for the inactivation of the NMDA R1
subunit (NR1/) were obtained from D. Forrest and T.
Curran (Forrest et al., 1994). In chimaera studies, it is
important to unequivocally identify the mutant cells in the
host brains. The NMDA R1 mutation was therefore bred
into the homozygous ROSA26 background (Friedrich and
Soriano, 1991) by two rounds of matings to express a
genetic lacZ marker in cells derived from these animals: In
the parental generation, heterozygous NMDA R1 mutants
(NR1/) were crossed with homozygous ROSA26 mice
containing the integration of the -geo transgene in both
alleles (T/). All F1 mice are heterozygous at the ROSA
locus (T/), and the 50% NR1 heterozygotes were
crossed back to ROSA26 homozygotes. Twenty-five per-
cent of the F2 are homozygous at the ROSA26 locus and
heterozygous NR1 and were used for the experiments.
The following mating scheme was employed for the
derivation of ES cells and for classical aggregation of moru-
lae between wild-type and knockout (Fig. 1A): Males ho-
mozygous at the ROSA26 locus and NR1 heterozygous
were mated with superovulated NR1 heterozygous females.
Approximately 25% of the resulting embryos are NR1 ho-
mozygous knock-outs. All resulting F1 are heterozygous at
the ROSA26 locus. This is important in ensuring that the
resulting phenotypes are not consequences of the in-
activation of the endogenous ROSA26 locus. Homozygous
ROSA26 animals are developmentally retarded, smaller,
and less fertile than heterozygotes that have been verified to
not differ from wild-types in any of the aspects analysed in
this study (U.M., unpublished observations).
Derivation of embryonic stem cells
Mice were mated as indicated above. Pregnant females
underwent ovariectomy on E2.5 to prevent the implantation
of blastocysts. Hatched blastocysts were then recovered at
E7.5. Twenty-four-well dishes (Nunc) were pretreated with
gelatin (0.1%) for several hours at 4°C. The gelatin was
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removed, ES cell medium added, and the dishes allowed to
equilibrate in an incubator with 7% CO2. The hatched blas-
tocysts were transfered one per well into the ES cell me-
dium on gelatin, without the use of feeder layers, but in the
presence of leukemia inhibitory factor (LIF, at 106 IU/litre),
as first shown by Nichols et al. (1990), and cultured for
typically 5 days. The ES cell medium used contained Dul-
becco’s modified Eagle’s medium (DMEM) with high glu-
cose (4.5 g/litre) buffered with 2.2 g/litre sodium bicarbon-
ate, 0.1 mM nonessential amino acids, 2 mM L-glutamine,
0.1 mM 2-mercaptoethanol, penicillin (50 IU/ml), and
streptomycin (50 IU/ml). All reagents were bought from
Gibco-BRL (Gaithersburg, MD). Fifteen percent heat-inac-
tivated unfiltered fetal calf serum (Hyclone) was added that
had been previously screened for toxicity at 30% on already
established ES cultures.
Cultures were observed daily until the inner cell mass
had flattened out. This outgrowth was mechanically disso-
ciated in a pipette tip containing a drop of trypsinisation
mix. This was composed of 0.25% trypsin/0.04% EDTA in
Hank’s buffered saline (Gibco). The suspension was trans-
ferred to a 24-well dish and checked daily for the appear-
ance of ES cell colonies. Primary colonies of ES cells were
dissociated by trypsinisation and transferred to a new 24-
well dish, still without the presence of a feeder layer. After
successful derivation of a line, ES cells were passaged 1:4
every 2–3 days at a confluence of approx. 60%. Twenty-five
lines were established that did not show any change in their
growth characteristics when followed up to passage 20.
Karyotyping was carried out according to standard proce-
dures (Nichols et al., 1990).
Genotyping of isolated ES cells
From a centrifuged pellet of ES cells, DNA was ex-
tracted by standard procedures (Laird et al., 1991), digested
with XhoI/HindIII, blotted, and hybridised with a probe 3
of the targeted locus (Forrest et al., 1994) to confirm the
absence of the NR1 subunit and the presence of the inacti-
vated alleles.
Generating chimaeric mice by an ES cell aggregation
procedure
As an alternative to ES cell injection, an ES cell–morula
aggregation procedure was developed that differs from the
method introduced by Nagy et al. (1993): ES cells at 60%
confluency were harvested after mild trypsinisation for 5
min at room temperature by centrifugation. They were re-
suspended at a density of 500,000 cells per ml of M16
medium. Drops of 15 l of this ES cell suspension were
transferred into untreated 6-cm petri dishes, and one 8-cell-
stage morula added per drop, after gentle treatment with
acidic Tyrode’s solution to remove the zona pellucida. The
dishes were inverted and kept in a 37°C humidified incu-
bator for 3 h. In this way, the ES cells and the embryo
accumulate by gravity at the bottom of the hanging drop and
start to adhere to each other. The dishes were inverted again
and embryo-grade paraffin oil (Sigma) added to cover the
drops. The morulae, with clumps of 5–15 ES cells attached
to them, were isolated, transferred to small drops of M16
medium (Specialty Media, NJ), and cultured overnight un-
der oil. The next day, blastocysts that had developed from
the aggregates, with the ES cells now contributing to the
inner cell mass, were surgically transferred into pseudopreg-
nant foster mothers on day E2.5. With this technique, very
high contributions of the knock-out cells to the brain paren-
chyma could be achieved. Selected male chimaeras were
allowed to grow up and mated with CD-1 females. Germline
transmission was achieved for all rederived ES cell lines
used in the study.
Genotyping of chimaeric mice
In a second set of experiments, and as a control for the
reisolated NR1/ ES cells, chimaeras were made by ag-
gregation of CD-1 wild-type morulae with morulae derived
from matings of heterozygous NR1 mice as described above
(see also Fig. 2A). The resulting chimaeras showed clearly
distinguishable skin parts derived from the wild-type CD-1
(white) and mutant NR1 (agouti) (see Fig. 2B). For the
analysis of chimaeras with contributions from homozygous
knock-out cells, it was important to unequivocally establish
the genotype. Small pieces of skin derived from agouti parts
were removed from the chimaeras at the time of perfusion
and genotyped by PCR: The skin was put into a solution of
25 l of 50 mM Tris–HCl (pH 8)/20 mM NaCl/1 mM
EDTA/1% SDS/20 g Proteinase K, then heated for 10 min
at 55°C. Then, 200 l of distilled water was added and the
solution boiled for 10 min. Two microlitres were used for a
PCR (25 pmol primer, 0.2 mM nucleotide, 2 mM MgCl2,
Boehringer buffer, 0.2 units Taq Polymerase/Boehringer, 35
cycles). For the detection of homozygous knock-out ani-
mals, primers for an exon of the gene were used, which
would result in the absence of a band (Fig. 2C). To distin-
guish between heterozygous and wild-type animals, three
primers were used in the same reaction, viz. one recognising
the first exon of the NR1 gene which is deleted in the
knock-out, one recognising the first intron, and one recog-
nising the neo gene integrated into the inactivated locus
(Forrest et al., 1994). Wild-type animals will thus only show
the NR1-specific band of 1000 bp, whereas heterozygotes
will have an additional band of 500 bp deriving from the
neo gene (Fig. 2C). Amplification was for 35 cycles with
30 s each for denaturation, annealing, and elongation.
PCR results were confirmed by standard Southern blot-
ting of DNA: DNA was extracted by standard procedures
(Laird et al., 1991), digested with XhoI/HindIII, blotted, and
hybridised with a probe 3 of the targeted locus (Forrest et
al., 1994) to confirm the absence of the NR1 subunit at 11.5
kb and the sole presence of the inactivated allele indicated
by a band of 4.5 kb (Fig. 2D).
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Analysis of brains
The heads of stillborn pups were carefully opened with
tweezers to expose the brain and fixed by immersion in
fixative for several days. The remaining chimaeras were
sacrificed at ages P1, P3, P6, P9, P12, P15, P18, P22, P28,
and P49 for transcardial perfusion with fixative containing
4% freshly made paraformaldehyde (PFA) or 2% PFA with
0.2% glutaraldehyde, 2 mM MgCl2, 5 mM EGTA, 0.1 M
Pipes, pH 6.9. Brains were postfixed in toto in fixative,
embedded in agarose, and cut into 50-m sections on a
vibratome. For X-Gal histochemistry, sections were perme-
abilized in PBS, 2 mM MgCl2, 0.01% sodium deoxycholate,
0.01% NP-40, followed by incubation in 5 mM K3Fe(CN)6,
5 mM K4Fe(CN)6 · 3H2O, and 1 mg/ml X-Gal (Sigma) at
37°C for 8 h. X-Gal histochemistry typically produced sev-
eral strongly labeled granula within the perikaryon of do-
nor-derived neurons and fainter signal in the major den-
drites.
Immunohistochemistry
For further stainings, sections were blocked with 10% nor-
mal goat serum and then incubated for 2 days at 4°C with
Fig. 1. A basic description of the ES cell based chimaera strategy. (A) Breeding and mating scheme of heterozygous NR1 mice (NR) and homozygous
TgR ROSA26 gene trap mice (T). Mating of NR mice gives one-quarter of homozygous NR1/ knock-out embryos used for the isolation of
homozygous knock-out ES cells. (B) Low power view of reisolated homozygous null ES cells, grown on gelatin in the absence of feeder layers, used for
the generation of chimaeric mice. After X-Gal staining, 100% of ES cell colonies show blue signal due to the presence of the ROSA gene trap integration.
(C) High power view of individual colonies after X-Gal staining showing typical ES cell morphology of lines grown on gelatin only without the use of feeder
layers. Scale bar, 10 m. (D) Chimaeric embryo at E14 stained for X-Gal to reveal the contribution of NR1 homozygous null ES cells, derived after the
introduction of ES cells into a wild-type CD-1 blastocyst.
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primary antibody followed by corresponding secondary anti-
bodies to allow visualisation by the DAB method (Vectastain)
or double and triple immunofluorescence, as described (Mas-
kos et al., 2001). Antibodies used were against calbindin-D28k
(Sigma; 1:250), MAP-2 (Sigma; 1:250), NR2AB and GluR2
(a gift of R. Wenthold; 1:100), GFAP (Sigma; 1:500), CNPase
(Sigma; 1:500), potassium channel Kv 3.1b (Sigma; 1:500),
GABA-B receptor (Sigma; 1:1000), and polyclonal and mono-
clonal -gal (Cappel and Promega; 1:500). Confocal images
were taken on a Zeiss 510 LSM.
Cell counts
For a quantitative analysis of the contribution of knock-
out cells to the brain parenchyma, see Table 1, selected
sections were incubated with primary antibodies against
neuronal MAP-2, NMDA R2AB or calbindin, and -gal,
followed by corresponding fluorescently labelled secondary
antibodies. Stacks of confocal images were taken, with a
40 Zeiss water immersion lens, of different brain struc-
tures, and at least 100–300 neurons counted: 1-micron con-
focal sections were obtained. These extremely fine optical
sections allowed the precise colocalisation of granules with
a neuronal MAP-2, or NMDA R2AB, or calbindin marker,
when analysed at high power. This double-labelling proce-
dure, together with the exquisite spatial resolution of the
confocal microscope eliminated any possibility of ascribing
glial -gal signal to neurons.
The scoring of a neuron as “positive” or “negative” was
done after following the whole neuron in a confocal z-stack
of sections at high power. A neuron was counted as -gal-
positive when it contained at least one granule. Many times,
more than one granule was encountered in the same neuron.
Only when a cell was completely devoid of -gal granules
did it get scored as -gal-negative, and hence wild-type
NR1/, having once again followed it through its whole
diameter, usually 10–20 sections.
For the analysis of migration in the developing cerebel-
Fig. 2. Description of the control experiments based on “classical” morula aggregation. (A) Strategy used for the classical aggregation of morulae derived
from matings as indicated in Fig. 1A and wild-type CD-1 morulae, to serve as controls for the injection of NR1/ ES cells into blastocysts: Morulae are
isolated at E2.5, and the zona pellucida removed by treatment with acidic Tyrode’s solution. The two morulae are gently pushed together, aggregated, and
the resulting chimaeric blastocysts are transferred into pseudopregnant fosters. The skin of the resulting chimaeric offspring is genotyped to identify chimaeras
with contributions from NR1/ cells. (B) Typical chimaeric mouse obtained by morula aggregation. White skin parts are derived from wild-type CD-1
morulae, and agouti skin parts are derived from the agouti NR1 animals and are genotyped. (C) PCR analysis of chimaeras. DNA is extracted from agouti
skin parts. To distinguish between wild-type and knock-out animals, three primers are used to differentiate between NR1/, NR1/, and NR1/
animals. The upper band at 1000 bp denotes a NR1 wild-type allele, the lower band at 500 bp the inactivated allele. The panel shows one homozygous null
chimaera (in the third lane, next to an empty control lane), one wild-type, and one heterozygote. (D) Confirmation of PCR results by blotting. DNA was
extracted from the agouti skin parts, digested, and standard Southern blotting carried out on 5 g of DNA. The filter was probed with a sequence that
distinguishes between the endogenous (upper band, 11.5 kb) and inactivated allele (lower band, 4.5 kb). The panel shows three homozygous knock-outs, at
the right, four heterozygotes, and six wild-types.
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lum, high power double-label confocal sections, as shown in
Fig. 4, were obtained of the external germinal layer and the
internal granular layer. In both areas, at least 100 neurons
were counted and scored as -gal-positive or-negative, as
above. These data are presented in Table 2 and were addi-
tionally substantiated by double-labelling with a cerebellar
granule cell-specific antibody to potassium channel Kv 3.1b
(Weiser et al., 1995).
Electron microscopy carried out on the same NR1/
neurons with exactly the same lacZ label (Maskos et al.,
2001) had already confirmed the anatomical arrangement of
the granule, and its size, and allowed a reliable analysis in
1-micron optical confocal sections as shown.
Results
Generation of chimaeric mice with NR1/ neurons
ES cells provide a unique opportunity to introduce large
numbers of genetically manipulated cells into the brains of
mice. ES cells lacking the gene for subunit R1 of NMDA
receptors (NR1/) were isolated de novo from matings of
heterozygous mice, under feeder-free conditions, as de-
scribed in Materials and methods. Fig. 1A gives an outline
of the mating, isolation, injection, and aggregation strategy
used. Because of the presence of the ROSA26 lacZ trans-
gene, NR1/ cells show a distinct blue label after X-Gal
histochemistry at all developmental levels starting at the ES
cell stage. Fig. 1B and C shows a typical culture of the
reisolated homozygous null ES cells under feeder-free con-
ditions and at very early passage numbers (passage P2 to
P5) that facilitates culture and speeds up the generation of
mice. In a low power photograph of many typical ES cell
colonies after X-Gal coloration (Fig. 1B), 100% blue cells
and colonies already at the level of ES cells can be made
out. In Fig. 1C, a high power photograph of individual
colonies demonstrates typical ES cell colony morphology.
The ES cells were karyotyped and two knock-out lines
found to be normal (data not shown). ES cell lines with a
NR1/ and NR1/ genotype were also obtained and
showed similar growth characteristics.
Chimaeric animals were generated by the introduction of
early-passage (P3 to P6) ES cells into morulae or blasto-
cysts, and by a modified ES cell–morula aggregation pro-
cedure as described in Materials and methods. To test the
efficiency of the introduction of ES cells into wild-type
blastocysts, embryos were harvested at different time points
postinjection and postaggregation. In many cases, a very
high contribution from the knock-out cells was obtained as
in Fig. 1D for an E14 embryo. For some control experi-
ments, blue wild-type NR1 ES cells were also used (see
below).
The set of data based on the injection and aggregation of
homozygous knock-out ES cells was confirmed by a differ-
ent strategy to produce chimaeric mice (Fig. 2A): Heterozy-
gous NR1 mice were crossed as described in Fig. 1A,
morulae harvested on day 2.5 of gestation, the zona pellu-
cida removed, and a standard morula–morula aggregation
(Hogan et al., 1994) carried out between a morula of the
above mating and a wild-type CD-1 morula. The following
day, the chimaeric blastocysts, without zona pellucida, that
had developed in culture from the fused morulae were
transferred to the uteri of pseudopregnant foster mothers.
Mice were allowed to grow up, and chimaeras with contri-
butions from NMDA knock-out cells were identified by a
genotyping procedure of the skin parts derived from
NR1/ animals: In Fig. 2B, a typical chimaeric mouse
can be seen that was derived from this morula–morula
aggregation procedure with clearly distinguishable skin
parts from the wild-type CD-1 (white) and mutant NR1
(agouti). Fig. 2C and D shows examples of PCR genotyping
of skin DNA that was then also confirmed by standard
blotting and Southern hybridisation techniques as detailed
in Materials and methods.
As homozygous NMDA R1/ knock-out animals die
on the day of birth, thus precluding the analysis of NMDA
receptor-dependent events at the interesting later stages of
Table 1
Quantification of the contribution of knock-out neurons to different brain structures in 10 representative chimaeras
Number of chimaera
1 2 3 4 5 6 7 8 9 10
Contribution to fur (%) 25 25 50 50 75 75 75 100 100 100
Age (postnatal days) 9 22 22 49 49 22 28 6 9 18
Contribution to: (%)
Olfactory bulb 33 15 22 68 50 83 85 92 90 91
CA1 of hippocampus 5 29 42 60 68 89 73 87 92 85
Thalamus 14 38 33 21 55 78 66 85 81 86
Purkinje cells 21 40 68 18 81 75 65 90 82 92
Dentate granule cells 30 21 50 35 68 55 61 92 75 82
Trigeminal nucleus 10 38 75 82 25 88 71 83 85 80
Note. Chimaeras were first quantified according to agouti fur contribution. Then, analysis of contributions to brain parenchyma was carried out as detailed
in Materials and methods, with generally a very good correspondence between the two.
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brain development and function, chimaeric mice were al-
lowed to be born and grow up, and sacrificed at different
postnatal time points up into adulthood. In this way, we
could follow the survival, migration, and differentiation of
NR1/ neurons in all regions of the brain and especially
in structures developing after birth, like the hippocampus
and the cerebellum, in the first few weeks after birth. Com-
paring the percentage of knock-out cells in the parenchyma,
their localisation, and their differentiation into fully mature
neurons at different developmental stages between ES cell
derived and aggregated chimaeras did not reveal any detect-
able differences. Further analysis was therefore carried out
with chimaeras generated by either of the two different
techniques.
Survival of chimaeric mice
Of the mice generated (approx. 350), about one-half of
those analysed had more than a 50% contribution of knock-
out cells to the brain. Many mice were sacrificed by or
before 4 weeks of age, to study developmental events in
their brains. Longer surviving chimaeras did not show signs
of abnormal behaviour and grew to adulthood, even when
composed of more than 50% knock-out cells by coat colour
and histochemistry of sections.
Chimaeras were made on a CD-1 background. These are
outbred mice showing high hybrid vigour. This strain al-
lowed the chimaeric control experiments where agouti skin
parts were dissected on a white fur background. CD-1 mice
were also specifically chosen with respect to enhanced sur-
vival given the initial reports about NR1/ lethality. As
we obtained significant survival of high percentage chimae-
ras into adulthood, no attempt was made to correlate pres-
ence or absence of NR1 with a lethal or detrimental pheno-
type. The analysis of behaviour was not intended from the
very beginning, as each chimaera would be different, and it
would be almost impossible to correlate a phenotypic trait
with absence or presence of knock-out cells in certain areas.
High percentage chimaeras (more than 50% by fur and
histochemistry of sections) seemed normal by casual inspec-
tion. Very few 100% fur chimaeras were obtained, and sacri-
ficed very young (less than 3 weeks), like those used for
quantification in Table 1. Some “runts” were identified that
died within the first few days after birth, but the preservation of
their brains did not allow a reliable histological analysis.
Detailed analysis of chimaeric brains
Fig. 3 gives an indication of the large contribution of
knock-out cells to different parts of the brain. Fig. 3A shows
Table 2
Quantification of the contribution of knock-out cerebellar granule cells to the egl and igl of nine representative chimaeras
Age of chimaera
P6 P6 P9 P9 P9 P12 P12 P15 P15
Percentage of / cells
External germinal layer 35 75 33 45 68 39 72 80 65
Internal granular layer 47 60 21 58 55 45 54 85 75
Fig. 3. Phenotypic postnatal analysis of homozygous NR1/ knock-out cells in specific brain structures. (A) Low-power view of an adult olfactory bulb
stained for X-Gal. Contributions of blue knock-out cells are evident in the granule cell layer, gr, the mitral/tufted neurons, M/T, and periglomerular layer,
asterisk. Scale bar, 125 m. (B) Low power section of the brain stem at 4 weeks developed by X-Gal histochemistry. All classical brain stem nuclei, large
clusters of intensely blue stained neurons, arrows, show high contributions derived from the injected cells. Scale bar, 200 m. (C) Confocal analysis of the
trigeminal nucleus at intermediate power, at 3 weeks. Neurons are double-labelled with antibody to NMDA R2AB (red), and -gal (green, arrowheads),
followed by appropriate secondary antibodies. Careful inspection at high power shows that, in this single optical section, 41 out of 49 neurons (84%) do show
-gal label, and are therefore knock-out cells. Scale bar, 20 m. (D) Confocal analysis of the trigeminal nucleus at high power, at 2 weeks. Two clearly
labelled trigeminal neurons are visible (arrowheads). Faint label is detectable in a third cell (arrow). Images like this were used for the quantification as
detailed in Table 1. Scale bar, 10 m. (E) Close to 100% contribution of knock-out cells to the hippocampal CA1 pyramidal cell layer. The section has been
stained for X-Gal and labelled with an antibody to GluR2 followed by a biotinylated secondary antibody and DAB-Vectastain. Arrow points to typical CA1
dendrite that can be followed into the molecular layer of the hippocampus. Arrowheads mark neurons with a clear X-Gal granule. Scale bar, 150 m. (F)
A confocal section of hippocampal CA1 at intermediate power, at 3 weeks. The correspondence between green -gal granules (arrowheads) and the respective
cell bodies is becoming apparent. NMDA R2AB-labelled dendrites (red, arrows) can be followed for long distances into the molecular layer. Scale bar, 20
m. (G) High power confocal analysis of the hippocampal CA1 area, at 4 weeks. Individual -gal-labelled pyramidal cells are shown (arrowheads) that allow
to follow and analyse dendritic morphology (arrow). Images like this were used to quantify CA1 pyramidal cells as detailed in Table 1. Analysis as in (F).
Scale bar, 10 m. (H, I) Use of a 63 oil immersion lens allows to analyse dendritic fine morphology in NR 2AB-labelled sections. No obvious differences
can be discerned between knock-out (H) and wild-type (I) dendritic spines marked by arrowheads. Scale bar, 1 m. (J) Confocal image of the hippocampal
CA3 area at P18. Double-labelled CA3 pyramidal cells are evident (arrowhead) with a dense neuropil formed by their dendrites, asterisk. Scale bar, 50 m.
(K) High contribution of knock-out cells to an adult striatum. The asterisk marks the corpus callosum. In it, blue label is evident, indicating glial cells derived
from the knock-outs. The section has been stained for X-Gal and labelled with an antibody to NMDA R2AB followed by a secondary antibody and
DAB-Vectastain. Scale bar, 500 m. (L) Single confocal section of striatum double-labelled as in (F), at 3 weeks. The correspondence between green -gal
granules and the respective cell bodies is becoming apparent. Arrowheads mark typical examples. Scale bar, 50 m. (M) High power confocal analysis of
individual, -gal-positive striatal neurons (arrowheads), and their dendrites (arrows), as in (L). Asterisk marks typical striatal fibre bundle. Scale bar, 10 m.
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an example of NR1/ contributions to the olfactory bulb,
where blue staining is detectable in the different layers of
the bulb corresponding to the characteristic different cell
types, with an inner layer of granule cells, and outer layers
of tufted, mitral, and periglomerular cells. As in the initial
report on NR1 knock-out mice (Li et al., 1994), a defect in
the trigeminal nucleus was proposed as the likely cause of
death, we analysed the contribution of NR1/ neurons to
brain stem structures (Fig. 3B) where high contributions to
several brain stem nuclei (arrows) can be made out. This
analysis was confirmed by quantitative double-label confo-
cal analysis of the trigeminal nucleus as exemplified by Fig.
3C: the image shows an intermediate-power confocal view
of trigeminal neurons with a high contribution from knock-
outs that are marked by arrowheads, where, on detailed
inspection at high power, in this case, 41 out of 49 neurons
(84%) are clearly NR1/ in 1 single optical section.
Fig. 3D, a typical high power confocal image, allows to
clearly identify the precise localisation of the neuronal -gal
granule, and optical sections of this type were used to
quantify contributions of NR1/ cells to different brain
structures as detailed in Table 1 for different ages (see
Materials and methods). As can be seen, percentages vary in
different animals and different structures, but can be as high
as 90%.
In Fig. 3E, the hippocampal CA1 region of an adult
mouse is to a large extent derived from the injected cells.
Again, intermediate-power double-label confocal analysis
as in Fig. 3F allows to appreciate the precise correspon-
dence of green -gal granules with the cell bodies in this
single confocal section, and at high power (Fig. 3G) indi-
vidual CA1 pyramidal cells can be analysed. The -gal
granule is found in exactly the same subcellular localisation
as in our previous analysis using electron microscopy (Mas-
kos et al., 2001). Additional high-power imaging using 63
and 100 oil immersion lenses allowed us to start a pre-
liminary analysis of dendritic architecture, where at this
level of resolution no obvious differences between knock-
out spines (Fig. 3H) and wild-type spines (Fig. 3I) could be
detected. Fig. 3J shows a single confocal section of a hip-
pocampal CA3 area with about 50% of neurons marked by
a -gal granule in this single, 1-micron section.
In Fig. 3K, knock-out cells contribute extensively to the
striatum, another area with known high NMDA receptor
activity, where the typical striatal patch/matrix organisation
can be observed. Fig. 3L and M shows at progressively
Fig. 4. Cerebellar sections at different postnatal time points stained by X-Gal histochemistry to reveal the distribution of cerebellar granule cells, and analysed
by double- and triple-label confocal microscopy to identify Purkinje and granule cells. (A) Whole lobule of X-Gal stained cerebellum at P3. Arrow marks
a dense band of premigratory granule cells in the egl. (B) Confocal analysis of P6 cerebellum. Neurons derived from knock-out cells show bright green
fluorescence after labelling with an anti--gal antibody and FITC-conjugated secondary antibody. Large Purkinje cells, identified with an antibody against
calbindin, are detectable in the pcl, with, juxtaposed at the outer surface, premigratory granule cells in the egl (asterisks) and postmigratory granule cells in
the igl (arrows). Areas with low -gal signal, indicating an abundance of unlabelled wild-type granule cells, are outlined by arrowheads. Scale bar, 40 m.
(C) Confocal analysis of P9 cerebellum. Using labelling-conditions identical to (B), labelled knock-out granule cells can clearly be identified in the igl. They
migrated past Purkinje cells (arrow) in the pcl. Again, regions with sparse -gal labelling are apparent (arrowheads). Note the progressive migration of granule
cells from the egl to the igl. Scale bar, 20 m. (D) Control chimaeric wild-type cerebellum at P9, double labelled with neuron-specific MAP-2 (red) and -gal
(green). Asterisk marks egl that is showing the same high amounts of -gal signal in premigratory wild-type granule cells, that start expressing progressively
higher amounts of MAP-2 during their migration towards and past the Purkinje cells. As is the case for knock-out granule cells, a large percentage of cells
have already migrated to the igl. Purkinje cells in the pcl can be recognised by their very strong granular -gal label. Scale bar, 20 m. (E) High-power
confocal analysis of double-labelled premigratory NR1/ granule cells in the egl at P9. The asterisk marks the outer face of the lobule, arrowheads indicate
fine granular and also cytoplasmic -gal signal, and MAP-2 in red identifies neurons that express progressively higher amounts as they approach the pcl
(arrows). Images of this kind, together with Fig. 5G, were used to analyse and quantify cerebellar granule cells as detailed in Table 2. Scale bar, 10 m. (F)
An analysis of postmigratory granule cells in the igl at 3 weeks. A granule cell-specific Kv 3.1b potassium channel antibody (red) clearly identifies
correspondingly -gal-labelled granule neurons (arrowheads) that make up at least 95% of neurons in the egl. Scale bar, 10 m. (G) High-power confocal
analysis of premigratory granule cells at P9 double-labelled by MAP-2 (red) and -gal (green–yellow granules, arrowheads). Images of this type were used
to compile the data of Table 2. Scale bar, 5 m. (H) High-power confocal analysis of postmigratory granule cells double-labelled by MAP-2 (red) and -gal
(green, arrowheads). As in (G), images of this type were used to compile the data of Table 2. Scale bar, 5 m. (I) Triple-label confocal image at intermediate
power of a P18 chimaeric mouse. Purkinje cells in their pcl (in blue, arrows) were labelled with a specific GABA-B receptor antibody, followed by
Cy5-labelled anti-Guinea pig secondary antibody. Granule cells in the igl are labelled in red with a monoclonal antibody to MAP-2 followed by specific
Texas-Red-labelled secondary antibody. -Gal-positive knock-out cells (green–white grains, arrowheads) are identified with a polyclonal anti--gal antibody
followed by a specific FITC-labelled secondary antibody. Asterisk marks interneuron in the molecular layer (mol). Scale bar, 20 m. (J) Double-label
confocal analysis of Purkinje cells. By 4 weeks, all cerebellar granule cells have settled in the igl, and Purkinje cells are developing their full dendritic
maturity. Arrowhead marks the typical yellow–green granular ROSA26 -gal signal, in a knock-out Purkinje cell, and the asterisk a highly -gal-positive
cluster of granule cells. An antibody to calbindin (red) was used to identify the Purkinje cells and their dendrites, that can be followed over long distances,
arrows. Stacks of these confocal images at higher power were used to quantify Purkinje cells, as listed in Table 1, and to follow their development. Scale
bar, 20 m. (K) High-power double label single optical section from a confocal stack showing the typical -gal granule in the upper Purkinje cell (arrowhead)
at P9. Arrow points to developing Purkinje cell dendrite. Asterisk marks premigratory -gal-positive knock-out granule cells. Scale bar, 10 m. (L) As in
(K), with the lower Purkinje cell clearly labelled, arrowhead. Scale bar, 10 m. (M) High-power analysis of the soma of an individual Purkinje neuron to
demonstrate the typical major perinuclear -gal granules (arrows) and smaller granules in this type of very large cell (arrowheads). Analysis as in (H). Scale
bar, 5 m. (N) Typical Purkinje cell morphology (arrows) of a knock-out cell identified by a -gal granule in its major dendrite (arrowhead). Analysis as
in (K). Scale bar, 20 m. (O) High-power confocal analysis of fine dendritic morphology of Purkinje cells. A knock-out cell is identified by a -gal granule
in its dendrite (arrowhead) and shows a similar dendritic fine structure, long arrow, as in a neighbouring unlabelled wild-type cell (short arrow). Analysis
as in (K). Asterisk marks -gal granule of a different, calbindin-negative cell type. Scale bar, 5 m.
128 U. Maskos, R.D.G. McKay / Developmental Biology 262 (2003) 119–136
higher powers the -gal labelling of the main class of
striatal spiny neurons with typical morphology (see specif-
ically Fig. 3M).
Postnatal development of the cerebellum
The cerebellum has been the focus of much attention
with regards to the implication of the NMDA receptor in the
migration of immature granule cells from the outer external
germinal layer (egl) to their final destination, the inner
granular layer (igl), past the Purkinje cell layer (pcl) (Alt-
man and Bayer, 1997). The group of P. Rakic (Komuro and
Rakic, 1993) presented in vitro pharmacological evidence in
slice cultures of the cerebellum that short application of
NMDA antagonists considerably impeded migration of
granule cells, whereas pharmacological activation of recep-
tors by NMDA agonist bath application accelerated the
migration of labelled individual granule neurons in the slice.
In order to analyse the postnatal migration of cerebellar
granule cells in vivo, chimaeras with contributions of blue
NR1/ knock-out granule cells were identified at differ-
ent developmental stages. Fig. 4 shows representative sec-
tions of chimaeras aged 3, 6, 12, 18, and 28 days, respec-
tively. The blue X-Gal label identifies knock-out cells in
Fig. 4A. It shows a 3-day-old (P3) cerebellum almost en-
tirely derived from knock-out cells, as indicated by the
densely blue X-Gal staining in large parts of the different
layers. An inspection of the relative number of knock-out to
wild-type cells in X-gal-stained postnatal cerebellum shows
a fairly even distribution of labelled and unlabelled cells in
the different parts of the cerebellum along the migratory
route, whereas by 18 days, most wild-type and labelled
knock-out cells have arrived at their destination, the igl
(data not shown). To allow a fine-tuned quantitative inspec-
tion, confocal images were generated and analysed to more
precisely define the localisation and number of granule cells
at the different developmental ages. Fig. 4B is an interme-
diate-power confocal analysis at P6, where -gal-positive
granule cells can be made out by their green fluorescent
signals. This image at P6 gives an indication of the efficient
migration of cerebellar granule cells from the egl to their
destination, the igl below the pcl, marked in red by a
calbindin antibody that is specific to Purkinje cells. Fig. 4C
demonstrates, in intermediate-power confocal analysis, the
progress in migration taking place, at P9, with a higher
percentage of lacZ-positive, green fluorescent granule cells
in the igl. This granule cell migration in cerebella derived to
a large extent from knock-out cells is identical to control
wild-type cerebella, with migrating NR1/ granule cells,
as analysed at the same age in Fig. 4D. Fig. 4E shows a
high-power confocal analysis of premigratory granule cells
in the egl, images that were used for the quantification of
granule cells as detailed in Table 2. The fine, granular, and
also cytoplasmic -gal signal is evident (arrowheads) and
shown at very high power in Fig. 4G. Postmigratory granule
cells, as shown in Fig. 4F, can be conclusively identified by
double-labelling with a granule cell-specific antibody, Kv
3.1b (Weiser et al., 1995). The -gal granules (in white)
allow a clear identification of individual cells, and this is
substantiated by high-power confocal analysis of double-
labelled cells, as in Fig. 4H. Confocal image stacks at the
resolution of Fig. 4E–H were used to quantify the relative
distribution of labelled knock-out cells in the egl and igl in
the course of development. As shown in Table 2 for a
variety of ages, relative contributions vary from animal to
animal, but no differential distribution between the different
layers is evident in this analysis.
In Fig. 4I, a triple-label confocal analysis of a P18 cerebel-
lum shows the tight packing of granule cells in the igl, where
labelled (knock-out) and unlabelled cells are freely intermin-
gled. This area is bounded by the pcl labelled in blue with a
Purkinje cell-specific GABA-B receptor antibody (Margeta-
Mitrovic et al., 1999), and only labelled and unlabelled Golgi,
basket and stellate cells remain in the molecular layer (mol),
identified by their fairly large size (asterisk).
Fig. 4J–O demonstrates how Purkinje cell development
was analysed and quantification for Table 1 carried out. Fig. 4J
shows an intermediate-power confocal section of calbindin-
labelled Purkinje cells. Quantification of their -gal signal
is once again possible by acquiring confocal image stacks as
in Fig. 4K and L, where neighbouring optical sections of the
stack identify the -gal granule first in the upper, than the
lower Purkinje cell. The size of the granule increases with
age. Fig. 4M is a high-power visualisation of the granule
and its precise subcellular localisation adjacent to the nu-
cleus. In large cells, that show substantially higher amounts
of labelled granules, these can also be identified in major
dendrites, as shown in Fig. 4N, and even higher order
dendrites, as in Fig. 4O. This identification of fine dendritic
structure belonging to knock-out neurons allowed a prelim-
inary analysis of fine dendritic arborisation, that does not
reveal any gross difference between the wild-type dendrite
(to the left in Fig. 4O) and its knock-out counterpart at this
level of resolution.
Postnatal development of the hippocampus
Also in the hippocampus, morphogenetic events take
place after birth, particularly in the dentate gyrus (Altman
and Bayer, 1997). Previous studies have indicated a role for
the NMDA receptor in the correct formation and positioning
of dentate granule cells (Gould et al., 1994). To analyse the
possible contribution of NMDA receptors to the formation
of the dentate gyrus, chimaeras with contributions of blue
knock-out cells to the dentate gyrus were identified and their
location determined in animals aged 1, 6, and 12 days. No
preferential location and no lack of migration all along the
complete axis of the dentate gyrus were detectable.
Fig. 5A shows a newborn chimaeric mouse with high
contributions to the hippocampal pyramidal layer, and faint
labelling in the dentate. Fig. 5B gives an indication of
morphogenetic movements that have taken place in the
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dentate up to P6, showing densely blue X-Gal label through-
out all of the structure. Fig. 5C shows a dentate at P12 with
the close-to-adult arrangement of granule cells.
As shown for the cerebellum, intermediate- and high-
power confocal analysis was used to analyse and quantify
knock-out dentate granule cells in the hippocampus, as
detailed in Table 1. Fig. 5D shows a typical example of high
contributions of green, -gal-labelled knock-out cells to all
parts of the dentate gyrus, where NR1/ cells are freely
intermingled with -gal-negative wild-type cells, an analy-
sis that is substantiated by imaging at progressively higher
magnification: in Fig. 5E, the assignment of individual
-gal granules to their corresponding dentate cells becomes
apparent in a single confocal section, and Fig. 5F shows the
typical localisation of -gal in the dentate cells in a perinu-
clear localisation as already identified by electron micros-
Fig. 5. Hippocampal sections at different postnatal time points stained by X-Gal histochemistry to reveal the distribution of dentate granule cells, and by high
power confocal analysis to reveal the localisation and morphology of knock-out cells. Note the progressive morphogenetic movements in dentate
development. (A) Whole hippocampus at P1 in a thick section stained in toto by X-Gal histochemistry. The strongly -gal-positive pyramidal subfields of
the hippocampus are labelled CA1 and CA3. The developing dentate gyrus with its faint blue signal is marked dg. The part of the section comprising cortex
dorsal to the hippocampus is labelled CTX, thalamus ventral to it, THA. (B) Whole dentate at P6 after X-Gal histochemistry. An upper (arrow) and lower
leaf (arrowhead) are strongly labelled. A pyramidal cell subfield is marked by the asterisk. (C) Dentate at P12 after X-Gal histochemistry. Faint blue label
is becoming evident in the dendrites of granule cells, arrowheads. NR1/ hilar interneurons are marked by asterisks. Arrows point to the two leaves of
the dentate. Scale bar, 200 m. (D) Confocal analysis of a dentate gyrus at P18. Neurons derived from knock-out cells show bright green fluorescence after
labelling with an anti--gal antibody and FITC-conjugated secondary antibody. An antibody to MAP-2 identifies neurons and neuropil (red) using a Texas
Red-labelled secondary antibody. Scale bar, 80 m. (E) Confocal analysis of the same dentate at intermediate power. The correspondence between green
-gal granules (arrowheads) and respective granule cells is becoming apparent. Individual MAP-2-positive hilar interneurons are labelled by asterisks. MAP-2
labelling also allows to delineate very extensive dendritic arborisations in the molecular layer (mol). Scale bar, 20 m. (F) High-power double-label confocal
analysis of dentate granule cells at P18 allows the quantitative analysis as detailed in Table 1. Typical yellow–green granular ROSA26 -gal signal in
knock-out cells (arrowheads) is clearly identified with cell bodies in this single 1-m section. A typical granule cell dendrite is clearly visible, arrows.
Analysis as in (E). Scale bar, 10 m. (G) A typical dentate gyrus from a wild-type chimaera control experiment, at P9. An antibody to -gal was used to
highlight NR1 wild-type cells that show the same tight packing as NR1/-derived granule cells. Arrowheads point to faint -gal signal in granule cell
dendrites, as in (C). Scale bar, 50 m.
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copy (Maskos et al., 2001). In the same image, an antibody
to MAP-2 (red) reveals the typical dendritic morphology of
the labelled cell (arrows). A comparative analysis of control
chimaeras made with -gal-labelled wild-type NR1/
cells did not reveal any major differences in the timing of
migration or final dentate architecture as is evident in Fig.
5G. This figure shows a confocal analysis of a P9 hippocam-
pus whose dentate exhibits the typical tight packing of
granule cells as identified with an anti--gal antibody (green
granules). This type of analysis confirms the absence of
preferential positioning of either wild-type or knock-out
cells at the resolution of the confocal microscope.
Analysis of knock-out glia
The widespread integration of NR1/-derived neural
cells into brain parenchyma allows also the analysis of glial
components. Several authors have described the expression
of NMDA receptors by glial cells (Luque and Richards,
1995; Petralia et al., 1994; Wang et al., 1996), and the group
of J. Kiss has postulated a direct involvement of the NMDA
receptor in glial migration (Wang et al., 1996). Selected
brain sections were therefore double-labelled with glia-spe-
cific and anti--gal antibodies. Fig. 6A shows a low-power
double-label confocal analysis of oligodendrocytes in the
corpus callosum of an adult chimaera. Oligodendrocytes are
identified with an anti-CNPase antibody (red), and -gal is
indicated by yellow fluorescent signal. Many red profiles
show positive -gal signal, proving their descendence from
knock-out cells. The wild-type and knock-out cells are
freely intermingled, and this holds for all areas analysed in
representative brains (data not shown). Fig. 6B takes the
analysis to a high-power confocal level in cortical grey
matter. It shows, side by side, a -gal-positive knock-out
oligodendrocyte (arrow points to -gal granule), and a wild-
type counterpart, with indistinguishable morphology.
Fig. 6. An analysis of the distribution of two types of glial cells derived from knock-outs in adult chimaeric brains. (A) Double-label fluorescence
immunohistochemistry using an anti-CNPase antibody (red) to identify oligodendrocytes, and an anti--gal antibody (green–yellow, arrow) to mark
-gal-positive knock-out cells. Corresponding FITC- and Texas Red-conjugated secondary antibodies were used. Scale bar, 20 m. (B) High-power confocal
analysis of knock-out (green label, arrow) and wild-type oligodendrocyte side by side in striatal grey matter. Analysis as in (A). Scale bar, 20 m. (C)
Double-label fluorescence immunohistochemistry using an anti-GFAP antibody (red) to identify astrocytes, and an anti--gal antibody (green–yellow, arrow)
to mark -gal-positive cells in the corpus callosum. Corresponding FITC- and Texas Red-conjugated secondary antibodies were used. Scale bar, 20 m. (D)
Double-fluorescence detection of astrocytes in a striatum. Analysis was carried out as in (C). Note the presence of strongly -gal-positive astrocytes (arrow).
Scale bar, 20 m.
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Fig. 6C analyses astrocytes with an anti-GFAP antibody
(red), double-labelled with an anti--gal antibody (yellow
granules) in the corpus callosum of an adult chimaera.
-Gal-positive and -negative astrocytes can be made out
freely intermingled. Fig. 6D shows astrocytes in striatal
parenchyma. Again, knock-out astrocytes can be found next
to wild-type counterparts, and this was confirmed for all
brain areas analysed in representative chimaeric mice (data
not shown).
Discussion
Cre/lox-based approaches in the study of NR1 mutants
The vastly increasing number of transgenic and knock-
out mice with lethal or uninformative phenotypes necessi-
tates the development of methods that allow their analysis.
Cre recombinase-mediated inactivation of genes in the
mouse brain (Tsien et al., 1996b) is a very promising ap-
proach, but even 7 years after its first successful description,
it is still limited to a fairly small number of systems. Trans-
gene-mediated, reliable, and specific expression of Cre is
often difficult to achieve as it depends very much on the
locus of integration, and the generation of a large number of
lines is necessary to obtain the desired pattern.
It was used in the analysis of NR1 knock-out mice to
obtain a fairly, but not absolute, region-specific inactivation
in the hippocampal CA1 area (Tsien et al., 1996b) and CA3
area (Nakazawa et al., 2002). In these published reports,
additional brain regions showed low levels of Cre expres-
sion that were supposed to not interfere with the analysis
intended by the authors.
In all of these cases, the double-transgenic mice do
survive and show no obvious anatomical anomaly in the
hippocampal CA1 or CA3. These experiments are therefore
in agreement with the present study where chimaeras with
large contributions of knock-out cells to hippocampus also
survive and, at the resolution of the confocal microscope,
show normal morphology in all brain areas analysed. The
Cre/lox approach is evidently very suited to the study of
behaviour, as stable lines are obtained, and each animal
tested will have the same genetic composition, once the
problems with a mixed 129/Sv  C57BL/6 background
typical for knock-outs have been taken into account. In their
analysis of CA1 and CA3 subfield-based behaviours, the
Tonegawa group had to employ very sophisticated methods
to reveal “subtle” phenotypes in the formation, retention,
and recall of memories.
Advantages of chimaera analysis
With our approach, we wanted to present an interesting
alternative to Cre/lox-based and other transgenic techniques
and describe its validity in a number of well-defined sys-
tems where region-specific promoters have not been re-
ported, as for example in the cerebellum and hippocampal
dentate gyrus.
The generation of chimaeras between homozygous
knock-out ES cells and wild-type blastocysts has obvious
advantages: existing lines of mice can be used directly
without the need to repeat the generation of animals carry-
ing loxP sites. Chimaera analysis with early passage ES
cells is also very efficient in that the majority of mice,
around 250 in the present set of experiments, carry large
numbers of integrated cells. This is certainly partly due to
the way ES cell aggregation is carried out here: large num-
bers (10 and more) of ES cells can easily adhere to the
single 8-cell-stage embryo introduced into a drop of ES cell
suspension. The method thus differs from the work of Nagy
et al. (1990), where a lump of several ES cells is sand-
wiched between 2 embryos.
The current excitement surrounding embryonic stem
cells, as evidenced by successful reports of the isolation of
human ES cells (Thomson et al., 1998), makes the present
technological contribution even more interesting, as a very
efficient method for the reisolation of early passage ES cells
was used that obviates the need for feeder layers.
When using ES cells in this way, the mutation is present
from the zygote stage, and developmental effects of the
mutation can be studied. Having made use of a well-estab-
lished NR1 knock-out mouse (Forrest et al., 1994) has
allowed us to be sure of the complete absence of NMDA-
mediated currents, as demonstrated in the animal and in
culture by the Curran group (Yuzaki et al., 1996b), and as
confirmed by us in hippocampal neurons (Okabe et al.,
1998). With absence of NMDA currents throughout all of
development, we substantially differ from the published
Cre/lox experiments with hippocampal subregion-specific
inactivation, which is only achieved several weeks after
birth. It is therefore interesting that we find the same perfect
morphological conservation of these areas with some of the
highest levels of NMDA receptors.
Adding knock-out cells to a wild-type environment al-
lows competition between the two populations to take place
and can under certain circumstances reveal additional phe-
notypes, which will be relevant for the study of “uninfor-
mative” knock-outs, i.e., gene-targeted mice without obvi-
ous phenotypes probably because of compensatory
mechanisms.
We have applied this technique to identify neurons lack-
ing functional NMDA receptors and shown that these cells
exhibit long-term survival, migrate, and differentiate effi-
ciently in a wild-type environment after blastocyst injection
and morula aggregation. A vast majority, approximately
90%, of cells expressed the NMDA R2AB subtypes (Fig. 3)
that are necessary to form functional receptors in wild-type
animals only together with NR1. This demonstrates that we
obtained the expected very high percentage of neurons that
would have contained functional NMDA receptors, and that
no “selection” occurred against those, for example, by
favouring NMDA receptor-negative neurons. Knock-out
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cells also migrated into the hippocampus, in a classical
bilaterally symmetrical manner, where the highest densities
of NMDA receptors are found (Monyer et al., 1994).
That the present work demonstrates the survival of
NR1/ cells in large numbers into adulthood in a wild-
type environment, with up to 90% contributions to brain
parenchyma in some young animals, merits special com-
ment: In a recent major paper (Ikonomidou et al., 1999), it
was shown that pharmacological blockade of NMDA re-
ceptors in the rat leads to wide-spread and massive (up to
25% of total neuronal number) apoptotic death of develop-
ing neurons in the critical developmental window analysed
here, i.e., P0 to P22. We have extensively quantified the
contribution of the knock-out cells to a variety of brain
structures (Table 1). No differential contribution to, or elim-
ination from, any analysed region could be identified.
Survival of chimaeric mice
Many of the high-percentage chimaeras were sacrificed
young, by 4 weeks of age, to specifically study these types
of developmental events. But high-percentage chimaeras,
with at least a 50% contribution to the parenchyma, did
survive for up to 1 year and were able to breed and pass on
the mutated NR1 allele. Outbred CD-1 mice were specifi-
cally used as the genetic background for the chimaera gen-
eration to assure survival because of their enhanced hybrid
vigour, and the initial reports of the Tonegawa group of
“wasting” of animals with lower amounts of NR1 (Iwasato
et al., 1997). This difference in genetic background is po-
tentially a contributing factor to the long-term survival of
many chimaeras that we observed, and has been described
before: a mutation in the EGF receptor for example is lethal
at embryonic day E12 in a 129/Sv background, but in a
CD-1 background, mice with exactly the same mutation
survive up to 3 weeks (Sibilia and Wagner, 1995; Threadgill
et al., 1995). The previous reports we discuss typically use
exactly this 129/Sv  C57BL/6 mouse background for their
analysis.
Comparison with previous knock-out and transgenic
rescue experiments
This study was designed to analyse developmental as-
pects of postnatal actions of NMDA receptors. A chimaera
analysis does not have the advantage of defined transgenic,
or knock-out, mouse lines, as every single animal will be
different. No attempt was therefore made from the begin-
ning to correlate the presence or absence of NR1 with a
specific behavioural trait (see below).
The high contribution of knock-out cells analysed, iden-
tified, and quantified holds also for the trigeminal nucleus
whose dysfunction was proposed to be responsible for the
neonatal death of NR1/ mice (Li et al., 1994). We have
been unable to identify a chimaera where the whole trigem-
inal nucleus is derived from the knock-out cells. But con-
tributions of close to 90% were obtained. This can be seen
to lend additional support to the hypothesis presented by the
Curran group (Forrest et al., 1994) that a lung dysfunction
might be the reason. Functional receptors to NMDA have
been described in the lung (Said et al., 1996), and in addi-
tional peripheral tissues (Shannon and Sawyer, 1989; Shige-
moto et al., 1992; Yoneda and Ogita, 1986), including
pancreatic islet cells (Inagaki et al., 1995). It is therefore
possible that an inactivation of these peripheral NMDA
receptors contributes to or is even responsible for NR1/
mortality, and it is conceivable that the “wasting” pheno-
type observed in some of the rescued NR1 animals is for
example partly based on a pancreatic problem. A transgenic
rescue experiment by the Tonegawa group can be seen to
partly support this hypothesis: they attempted to generate
viable NR1 knock-out animals by transgenic expression of
small amounts of wild-type NR1 (Iwasato et al., 1997).
When using a brain stem-specific NR2D promoter, trans-
genic mice still died very early, whereas use of a -actin
promoter that could conceivably also achieve reexpression
in peripheral tissues did rescue a larger percentage of the
mice. Tonegawa’s group ascribed the rescue to a better
development of the trigeminal system and higher order
efferent connections. But, as the precise sites of reexpres-
sion of NR1 have not been determined, no analysis at single
cell resolution was possible in that work of cells that show
absence of functional NMDA receptors. The main pheno-
type observed was an absence of whisker-related patterns in
brain stem, thalamus, and cortex, and the authors ascribe the
postnatal wasting and lethality to abnormalities in the tri-
geminal system supporting autonomous functions. How-
ever, only one NR1 splice variant was used in these exper-
iments, which might by itself be insufficient given the large
variety of possible combinations of functional NMDA re-
ceptors in the brain.
This also touches on the question of the importance of
NMDA receptors in glial cells that have been described by
a number of authors (Petralia et al., 1994; Luque and Rich-
ards, 1995; Wang et al., 1996): use of a strong, ubiquitous
-actin promoter by the Tonegawa group can conceivably
lead to expression of NMDA receptors in astrocytes and
oligodendrocytes, which would not be the case with the
neuronal NR2D promoter employed. In our analysis, we
show, at single cell resolution, the long-term survival of
both types of glial cells in all brain areas.
ES cell based knock-in methods
A different genetic approach to analysing absence of
normal NR1 function has been pursued by the group of P.
Seeburg (Single et al., 2000). They generated mice by
“knocking-in” NR1 subunits with altered channel proper-
ties. Homozygous knock-in mice died even faster than the
“classical” NR1 knock-outs, by respiratory failure. The two
mutant NR1 alleles chosen also displayed a dominant phe-
notype in heterozygous mice that showed reduced life ex-
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pectancy. The authors conclude that not only the absence of
correct NR1 signalling, but also disturbed NR1 signalling,
like suboptimal Ca2 influx or voltage-independent NMDA
receptor-mediated Na influx, or a change in the Mg2
block, putatively interferes with autonomic function, but do
not analyse anatomy in any detail. In one knock-in line,
barrel cortex is completely normal.
They note, however, that a recent publication on
knock-in mice expressing only 5% of the total number of
NR1 in their brains (Mohn et al., 1999) shows that a hypo-
morphic NR1 allele is completely adequate for survival, and
only minor, behavioural phenotypes are observed. This is in
strong contrast to their finding that 1–2% of NR1 expression
leads to an even more severe phenotype in their knock-in
mice, with death within 1 hour after birth, compared with
approximately 10 h in the “classical” NR1 knock-outs. They
postulate that compensatory events can conceivably take
place in this latter line.
This discussion of previous approaches to eliminate or
change NR1 function shows that unanswered questions do
abound in the field with respect to the exact regional, spa-
tial, and temporal requirements for NR1 function, and dif-
ferent brain regions will possibly display a different pattern.
We therefore focused on two particularly important areas
for postnatal development in more detail.
Our study is the first to analyse at single-cell resolution
developmental events in the cerebellum in vivo. Unlike
previous work on granule cells in the cerebellum (Komuro
and Rakic, 1993; Rossi and Slater, 1993), a lack of NMDA
receptors does not grossly interfere with migration. An
explanation for this phenomenon could be inherent differ-
ences stemming from the experimental technique using
slices as compared with the present in vivo approach. It is
also possible, however, that pharmacological blockade does
indeed introduce artifacts that we can avoid in genetic
inactivation, as in the present work. The Rakic group mi-
gration paper showed NMDA receptor effects on migration,
but the only evidence that the effect could be direct is that
calcium levels fluctuate during migration, which could be
produced by many mechanisms other than NMDA receptor
calcium flux. We clearly show that, in the critical window
for granule cell migration, i.e., from P1 to P20, granule cells
with and without NMDA receptors do behave in exactly the
same manner, and are freely intermingled at all time points
analysed. This has been extensively quantified in Table 2.
High resolution double-and triple-label confocal analysis
allowed us to identify knock-out cells and compare them
with their wild-type neighbours. We do not find any reduced
mobility of knock-out cells as evidenced by their fairly
symmetrical distribution between egl and igl, fully compa-
rable with wild-type counterparts.
Purkinje cell survival is not impaired as evidenced by
their large contribution to the chimaeric cerebella, in many
cases up to 90% as shown in Fig. 4, and quantified in Table
1. This is in direct contrast to cell culture studies (Yuzaki et
al., 1996b), once again underlining the necessity to conduct
in vivo studies. In cell culture systems, that are by necessity
artificial and limited, many signals indispensible for the
proper development of cell types may get lost, that are, in
contrast, available in whole-animal studies.
The major finding, that cells without NMDA receptors
can survive in large numbers, migrate, and differentiate,
addresses the issue of whether the effects of NMDA recep-
tors on developmental processes act directly on the divid-
ing/migrating/surviving/differentiating cells themselves, or
act indirectly through some other cell type (e.g., more ma-
ture neurons that were born earlier). Taken together with
previous findings that alterations in NMDA receptor activity
produce changes in migration or survival of cells, our find-
ing seems to show that the NMDA receptors involved in this
modulation could be on cells other than the immature mi-
grating cells themselves. We feel this is an important ques-
tion, and one that has not been addressed very well in the
previous developmental NMDA receptor studies.
The second brain region analysed in great detail is the
hippocampus, and particularly the dentate gyrus, that also
develops postnatally. In one important study, again in the rat
(Gould et al., 1994), it was shown that NMDA receptor
antagonists increase cell division and cell death and appar-
ently change the direction of migration in the developing
dentate gyrus in vivo, once more suggesting a role for
NMDA receptors in many developmental processes, but it
was not established whether the NMDA receptors produc-
ing these effects are located on the affected cells them-
selves. We clearly show, however, in Fig. 5, that morpho-
genetic movements in postnatal development of the
hippocampus are normal, once again pointing towards a
potential contribution of artifacts in pharmacological exper-
iments.
The neurons derived from homozygous null ES cells
have fully developed dendrites as determined by immuno-
histochemical analysis of proteins involved in dendritic
function and receptor localisation (see for example Fig. 3
and 5). We thus substantiate a preliminary analysis carried
out previously (Maskos et al., 2001). But additional, high
resolution experiments, as for example by Golgi staining,
will be necessary to ascertain the absence of mild pheno-
types at the level of individual dendritic spine morphology
or density, as in a preliminary analysis in cultured hip-
pocampal knock-out cells, a very subtle difference was
observed by us (Okabe et al., 1998).
We have shown that the generation of ES cell-based
chimaeras allows the efficient introduction of neural cells
derived from gene-targeted mice into the brain. Together
with the possibility to manipulate ES cells by the expression
of marker genes like the green fluorescent protein (GFP)
(Chalfie et al., 1994), this should allow a fine-tuned elec-
trophysiological analysis of neurons lacking functional
NMDA receptors in the developing and adult brain in the
future.
Moreover, use can now be made of a technique we have
developed very recently based on the transgenic analysis of
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neural circuits in mice (Maskos et al., 2002). It will thus be
possible to analyse whether neuronal network architecture is
disturbed in mice with a large contribution from NR1/
cells, for example by a knock-in approach using our tetanus
toxin–GFP fusion protein.
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